Abstract-Multitemporal interferometric European Remote Sensing 1 and 2 satellite tandem pairs from a forest test site in Finland are examined in order to determine the stem volume retrieval accuracy. A form of multitemporal filtering is introduced to investigate what forest stands show a multitemporal consistency in coherence. It is found that a large stand size is a major factor to obtain accurate retrievals. The effect of heterogeneity of forest stands is also discussed. Based on the stands showing highest multitemporal consistency different models for scattering and coherence are compared. The interferometric water cloud model is chosen for stem volume retrieval. The variation of the model parameters with meteorological parameters is investigated and the results illustrate that the best imaging conditions are obtained for subzero temperatures and windy conditions. It is shown that for the 20 stands showing highest multitemporal consistency the stem volume can be retrieved with a relative error of 21%, deteriorating when the number of testing stands is increased, e.g., for 80 stands the error is 48%. For 37 large forest stands representing 48% of the investigated area the relative stem volume error is 26%. With experience from another site in Sweden we may conclude that the error level for a multitemporal interferometric synthetic aperture radar evaluation of stem volume for large forest stands ( 2 ha) in a well managed and homogeneous boreal forest may be expected to be in the 15% to 25% range, deteriorating for small and heterogeneous stands and for images acquired under nonwinter conditions. Index Terms-Boreal forest, European Remote sensing Satellite 1 and 2 (ERS-1/2), interferometric synthetic aperture radar (InSAR), multitemporal, stem volume.
- [7] show more limited potential although still much better than those derived from the SAR backscatter. Important questions are under what conditions acceptable accuracy can be obtained, to what extent results are site dependent, and to what extent they are method related.
The important aspect with spaceborne microwave remote sensing is the independence of clouds. However, this does not mean that the observations are weather independent. For stem volume retrieval we find that microwave backscatter and repeat-pass coherence are very sensitive to weather conditions. The independence of clouds on the other hand yields possibility to regularly cover a certain site and the possibility for a multitemporal retrieval can compensate the noise associated with the individual acquisitions. The multitemporal aspect is one of the themes of this paper for which a main objective is to analyze the accuracy of stem volume estimates from a Finnish test site, Tuusula, using C-band InSAR.
For application of a remote sensing technique it is important to evaluate its properties using a number of well characterized test sites. C-band repeat pass interferometry observations from Tuusula, Finland, indicate a relatively high stem volume retrieval error. 48% relative error was obtained in [6] for 134 forest stands using 14 image pairs and 34% in [5] for 37 stands using five image pairs. An investigation of a site with managed and homogeneous forest stands in Sweden on the same latitude, Kättböle, resulted in much higher accuracy. In [2] [3] [4] InSAR observations from Kättböle have been analyzed showing a relative error in stem volume estimates of 13% (uncorrected for errors in situ measurements like other results reported in this paper) for the investigated stands with stem volumes up to 335 m /ha and a mean stem volume of 140 m /ha. In Tuusula, on the other hand, we find stem volumes up to 539 m /ha, while the mean stem volume of 158 m /ha is not much different from Kättböle. A similar situation regarding stem volume retrieval accuracy was found concerning L-band backscatter from the Japanese Earth Resource Satellite 1 [8] , where data from Kättböle resulted in 25% relative error and data from Tuusula resulted in 40%. The differences in accuracy are partly associated with the weather conditions during the acquisitions but are probably mainly caused by structural differences between the forest conditions on the two sites and the larger range of stem volumes in Tuusula. The accuracy of the in situ data is also of importance.
Another objective of this paper is to analyze different models for the dependence of backscatter and coherence on stem volume, in particular the models proposed in [9] and applied to the Tuusula test site in [6] and the models used in [1] , [3] , and [4] and applied in [5] to the Tuusula test site. The goal is to determine which model best describes the data and 0196-2892/$20.00 © 2005 IEEE TABLE I  IMAGE PAIRS its stem volume dependence. Since future use of repeat pass InSAR for boreal forest is dependent on our understanding of the scattering and decorrelation mechanisms, the definition of optimal conditions for observations, and the inversion of the observations, there is a need to investigate if the differences in approach can be resolved, if the analysis technique can be improved, and if the understanding of decorrelation phenomena can be enhanced.
We will start by presenting the data. We will then investigate the variability of the observations of the forest stands for different image pairs. Further on we will compare the models using stands with stable behavior over time. Then we will investigate the model properties and model parameters. Finally we will investigate the accuracy in stem volume retrieval relative to stand properties, and some multitemporal aspects of stem volume retrieval.
II. DATASET
We will deal with InSAR and in situ data from the Tuusula test site (60 N 25 E), Finland. The test site is located in the southern part of the boreal zone and covers almost 2000 ha. Meteorological data are available from Helsinki airport located approximately 10 km away from the test site.
A. ERS-1/2 Tandem Data
Radar data from eight ERS-1/2 "tandem" pairs acquired between 1995 and 1996 have been processed by means of the Gamma InSAR software, e.g., see [10] , as part of the European Union project European Forest Observations by Radars, EUFORA; see [11] . The dates and the baselines associated with the acquisitions are given in Table I .
Using a forest stand mask in digital form with a 25 25 m pixel size, mean values of backscatter and coherence for each stand were computed. In order to reduce border effects on the backscatter and coherence values, the stands were decreased in size by removing pixels close to the peripheral. If any pixel in a 3 3 window around the central pixel was not part of the forest stand of interest the central pixel was not retained. The number of pixels representing a certain forest stand was in this way much decreased for stands with an irregular form. The sizes of the forest stands given in this paper are determined by the number of pixels used and not by the physical size of the forest stand. Eight stands were too small for estimates of backscatter and coherence and will not be considered any further.
Since mean values over the forest stands were used, no other spatial averaging was done. Temporal averaging has been suggested in [12] and [13] for the backscatter, but is not used here. 
B. In Situ Measurements
The area consisting of 210 forest stands is covered mainly with typical boreal coniferous species, i.e., Scots pine (Pinus sylvestris) and Norway spruce (Picea abies); the site also includes few stands of deciduous species, the commonest being birch (Betula pendula). Besides the digital forest stand map, the in situ data available [14] consisted of digital elevation models and typical forest inventory parameters (e.g., tree height, stem volume, and tree species composition). Stem volume is the most common measure used in forest inventory; it is measured in cubic meters per hectare and can be converted to above-ground dry biomass of trees in tons per hectare by multiplying the stem volume by 0.6 [15] . The in situ data were collected as part of the EUFORA project. A detailed description of the properties of the site is found in [16] , since the same area was used for investigation of stem volume accuracy derived from the airborne CARABAS VHF-SAR.
In Fig. 1 height and diameter are illustrated as function of stem volume. Height showed a good correlation with stem volume, and there is also a relatively good relationship between tree diameter at breast height and stem volume. We have then to exclude a group of eleven stands with large height and diameter but small stem volume. These stands represent clear cuts, where some large trees have been left as seed trees. To describe the relationship between height and stem volume we have used the regression expression (1) illustrated in Fig. 1(a) , where the coefficients were determined by means of a least squares minimization. (The same relation has been found for Swedish conditions [1] , [3] ). The relation between various forest properties and stem volume is also the reason why stem volume alone is a good descriptor of the forest properties.
The 202 stands have a mean stem volume of 157.6 m /ha and a mean size of 1 ha. The distribution is illustrated in Fig. 2 . We see that there is a certain concentration of small stands with a small value of stem volume. The backscatter and coherence of small stands are sensitive to errors in geolocation, although this has been compensated by excluding boundary pixels. Furthermore, the accuracy of the backscatter and coherence estimate also decreases for decreasing stand size because of residual speckle and bias, respectively. For this reason, a subset of the 134 largest stands were selected in [6] . In a previous study [5] a subset of 37 stands was selected including at least 20 pixels, i.e., with sizes ranging from 1.25-6.94 ha and with a mean of 2.63 ha. Stands mainly consisting of bushes and some scattered seed trees were removed.
C. Multitemporal Aspects of Data
In this paper we are interested in the sensitivity of C-band backscatter and coherence to stem volume. However, besides being sensitive to many forest properties, e.g., tree density, tree heights, branch distributions, etc., the observations are also affected by ground properties, such as roughness and under storey vegetation, together with variable quantities such as weather effects (wind, snow layer, etc.), dielectric properties and, finally, measurement noise. The variable quantities affect different observations randomly and we may use multitemporal aspects to filter out stands with most variable properties. With this approach we would also like to know specifically which forest properties characterize a stable dependence on stem volume, and if we can select those stands.
If we have observations of backscatter or coherence for stands with known stem volume the correlation (represented by the Pearson's r-coefficient) between the observations of the forest stands at different acquisitions can be determined. We may see these values as a measure of the multitemporal consistency, which indicates to what extent the observations are consistently dependent on stem volume (or any other forest parameter), rather than the variable weather parameters or noise. Another quantity describing the multitemporal consistency is the root mean squared error, the rms error (denoted "mt-RMSE among stands" in the following), of the difference between the observed coherence for stands and the typical value based on a model or regression expression taking into account the major trend of variation with stem volume at each image acquisition.
At first we conclude that observations of coherence show higher consistency between the observations than backscatter observations. Correlation values between backscatter observations with one day interval are generally smaller than 0.5 while correlation values between observations with longer intervals are very small, although in some cases may reach values of the order of 0.5. Coherence on the other hand, in spite of time intervals as long as nine months, generally shows a correlation between two tandem image pairs, except from two of the observation pairs both acquired in April 1996, which have very low correlation with each other as well as with the rest. This is interpreted as caused by melting snow and close to 0 C temperature, which apparently affects the coherence observations [5] we find much higher correlation, indicating that coherence for this limited group of stands is more closely related to the stable forest properties.
To characterize the major trend of variation with stem volume at each image acquisition we now introduce an exponential regression expression for the coherence in the form of (2) With this approach the aim is simply to characterize the main trend of the variations with stem volume in an image pair. Once (2) has been fitted to the measurements for each of the image pairs , we determine for each stand the difference between the regression expression and the observed value for the different image pairs and finally determine the standard deviation. We call this quantity the multitemporal RMSE or mt-RMSE among stands which is determined for each stand and images by mt-RMSE
The values are illustrated in Fig. 3 , and we see that the mt-RMSE among stands is mainly decreasing with stand size. In [17] , it has been concluded that large stand size is of major importance for accurate estimates of stem volume, and curves were presented to assist in converting results from one stand size to another. Our result confirms that large stand size is of major importance, but, important points are, as we also see from the figure, that a low mt-RMSE among stands is obtained for all stands, independently of stand size, and stands with large area may show a high variability. This means that stand size is clearly important but not the only important parameter and we cannot relate accuracy to stand size. In Fig. 3(b) , we illustrate the mt-RMSE among stands as function of stem volume we also see that we have a high mt-RMSE among stands with (almost) zero stem volume and that the mt-RMSE among stands decreases somewhat with stem volume if we exclude some "outliers." Those stands with a low mt-RMSE among stands also result in higher correlation between the coherence observations. We can then expect higher accuracy in the retrieval of stem volume if we can exclude stands with a high temporal variability.
A question now is if we can identify differences in in situ stand properties between those stands showing high mt-RMSE and those showing low mt-RMSE. In particular we are interested in the differences between the 37 stands, which have been previously considered in [5] , and will be used in this work as training stands for the retrieval of stem volume. In Fig. 3 we have marked these 37 stands also by boxes. We see that these stands typically have a low variability (all have mt-RMSE among stands and only six stands have values above 0.09).
From the in situ data [14] we find that the mean values of the following parameters were at least 20% higher in the group of 37 stands relative the remaining 165 stands: percentage of pine and spruce, stem volume, height and basal area. The soil type was also somewhat different. In the remaining group of 165 stands we had higher values for number of storeys, percentage of birch and other tree species, i.e., these stands may be considered more heterogeneous.
III. MODELLING METHODOLOGY
In order to estimate the multitemporal consistency we used a statistical regression model of exponential form. However, a better alternative to characterize the stem volume dependence of the observations in order to retrieve stem volume is anticipated to be a semiempirical or physical based model. In the first analysis of the repeat pass InSAR response to boreal forest [1] a semiempirical model, the interferometric water cloud model (IWCM), was introduced and applied to observations of two forest stands. When a more extensive dataset from Kättböle, Sweden, representing a range of stem volumes was later presented in [2] linear regression was used since the dataset was not assumed to be good enough in order to use a more complicated model. However, the analysis was later refined by means of IWCM [3] with improved accuracy for the stem volume estimate as a result.
For Siberian taiga forest, an exponential expression for coherence has been used although the estimation of the unknown parameters is not based on regression but on a statistical approach [7] . Furthermore, the exponential expression is only dependent on the coherence observations and not on the backscatter. Compared to this the coherence expression in IWCM is rather complex as well as the coherence expression given in [6] and [9] with a coupling between backscatter and coherence. Below we will summarize the basis of the IWCM and the method presented in [6] and [9] .
A. IWCM
The model has recently been described in detail in [3] and [4] , for example. The forest is described by a canopy layer interrupted by gaps and the backscatter is expressed as (4) From the two expressions we find an expression for the area-fill determined by the two-way canopy transmission coefficient and the empirically defined coefficient , which can be considered to be related to some sort of two-way forest transmissivity (5) In (4) the three unknowns , the backscatter from ground, , the backscatter from the vegetation layer, and , are obtained by regression to the observations. If is determined by (1) it leaves either or to be determined by measurements. Both these parameters are complex to measure. For the height range primarily of interest is small, and the exact value of is not critical. We will use estimates of obtained from the literature, and assume to be 2 dB/m, cf. [3] .
The expression for the complex forest coherence is given by (6) and represent the temporal decorrelation for the ground scatterers and the vegetation scatterers. The volume decorrelation is determined from the assumption of a scattering amplitude varying as within the canopy. We then have (7) where is the normal component of the baseline, the incidence angle, the wavelength, and the slant range distance to the scatterers. In this paper, we are not considering the phase, only the absolute value of the complex coherence (6), while in [18] the phase properties were investigated.
B. Interferometric HUT Model [9] In this model, the HUT boreal forest backscattering model [19] is used for the backscattering, which can be expressed as (8) including only two unknowns since (9) and is related to the volumetric vegetation water content. For coherence it was concluded in [9] that coherence is related to the backscattering contributions and by comparing data for coherence and backscatter the following expression was suggested: (10) where and are regression coefficients. We may simply describe the expression for the coherence by concluding that it agrees with (6) if the volume decorrelation is neglected, i.e., if the baseline is put equal to zero. For simplicity we will denote this model the interferometric HUT model (IHUT).
IWCM and IHUT then differ in two principle aspects. The backscattering expressions are different, since in IHUT the volume backscattering coefficient and the forest transmissivity are both given by the vegetation moisture, while in IWCM is given by a combination of an area-fill parameter and an extinction coefficient for the canopy. IWCM takes volume decorrelation into account, which is most important for large baselines or large tree heights.
C. Model Training and Retrieval Methodology
The variable observational conditions mean that, in order to retrieve stem volume, we need to use a set of known forest stands, training stands, to determine the model parameters by regression of the model to the observations of the training stands. These regression coefficients must be in the range allowed by their physical meaning. With the model parameters known we can invert the coherence observations of a set of unknown forest stands, the testing group.
When we use the observed coherence value to determine a corresponding stem volume value, the model can be used only in stands for which the coherence measurements are in the range of the modeled coherence. The highest stem volume found in the training group is in principle the highest to be expected in the area, hence in the inversion we relate coherence values below the model curve to this highest stem volume. Similarly we relate coherence values above the model curve to zero stem volume. In this manner we estimate for each image pair the stem volumes in the testing group.
IV. RESULTS AND DISCUSSION

A. Model Comparison
In order to analyze which model of the two best describes the stem volume dependence it is necessary that the influence of properties not taken into account in the models are smaller than the difference between the models. This means, for example, that the stochastic variability caused by the meteorological influence on the scattering from the various stands has to be small, and this is when the introduced multitemporal filtering should be applied. For model comparison we therefore use 36 stands, the 36 stands out of the 202 showing the smallest mt-RMSE (i.e., values ). In this section, we consider also the properties of the testing group as known, since we have used the mt-RMSE among stands for the selection. We split the 36 stands in two groups of 18 stands by taking each second stand when ordered according to stem volume, and use one for training and one for testing. In this way, the two groups cover approximately the same stem volume range. In order to make the selection procedure more arbitrary, we first use one of the two groups of 18 stands for training and use the other group for testing, and then we interchange the two groups. Results presented in the following are mean values of the two cases.
The best model fit is tested in two ways for each model. For the training group the rms error between the model line and the coherence observations is determined. For the testing group the rms error between the retrieved stem volume from the inversion of (6) and (10), respectively, and the in situ measurements is determined. The results are illustrated in Fig. 4(a) and (b) .
Considering that image pairs 4 and 5 are highly disturbed due to snow melting conditions we conclude from Fig. 4 that the IWCM shows smaller errors than the method in [9] . Image pairs 2 and 8 have the largest baseline, 221 and 188 m, respectively, and for these two cases the IWCM is showing significantly better results, which is expected since volume decorrelation in these two cases has a significant influence. In Fig. 5 , we have illustrated the effect of the volume decorrelation term by illustrating the coherence based on IWCM with volume decorrelation taken into account divided by the modeled coherence without taking the volume decorrelation into account [see (11) ] but not changing model parameter values (11) The ratio in (11) illustrates in a certain sense the relative importance of the volume decorrelation for the various image pairs. We see that beside image pair 2 and 8 also for image pair 3 ( m) and 6 ( m) volume decorrelation plays a role. (Note that when the nominator and denominator each are fitted to the observations the difference between the two expressions is somewhat changed, which can also be seen from Fig. 4.) 
B. Properties of Model Parameters
Concluding that IWCM is the preferred model to describe the dependence of coherence on stem volume, we will mainly use IWCM in the following. In a real situation the training of the model is based on a number of forest stands which have to be selected in some manner. The selection of 37 forest stands made in [5] can serve as an example. Stands were selected based on large stand size and a site visit in 1998. Then some stands mainly consisting of bushes and some scattered seed trees were removed. With the model parameters derived by regression to the observations of these stands we will analyze the remaining stands, but first we will analyze properties of the model parameters derived from the training stands.
Some model parameters are semiempirical and assumed to have physical meaning related to meteorological factors. According to IWCM the -value is determined by the area-fill factor and the two-way canopy transmission factor . The area-fill is varying with stem volume and can be expected to be dependent on tree species. The canopy transmission factor can be expected to be dependent on meteorological factors, e.g., through canopy moisture and on forestry properties, e.g., species dependence on branch angle distribution. Since can be expected to be large at C-band, the influence on is small, cf. (4) . and are determined by the decorrelation phenomena of the ground and vegetation.
can be assumed to be affected by changes in soil moisture patterns within the resolution cell between the two acquisitions [20] , and can be considered related to the displacement of the scatterers due to wind [21] .
The model parameters, illustrated in Fig. 6 , for the case of 37 stands, are dependent on the forest stands used for training. We have not only derived model parameters based on the 37 stands but also from the 36 stands based on small mt-RMSE among stands. Comparing the values in the two cases we find that and vary between the two cases relatively much while the others are more constant. This is showing something of the sensitivity of the parameters to selection of stands and that and are less stable than the rest. This is probably the major reason for in three cases (image pairs 2, 4, and 8) is different from the mean determined of the five other cases. Image pair 4 is also acquired with temperatures varying around 0 C indicating risk for melting snow layer.
With eight different image pairs we can determine correlations (Pearson's r) between the parameters and also between the parameters and meteorological quantities. In the first case is obtained for and ; and and . These correlations may be caused by a similar dependence on the same meteorological property but also on the model assumptions. In the second case we consider the correlation between the model parameters and the mean temperature at the ERS-1 and ERS-2 acquisition (or rather 9 o'clock for descending and 21 o'clock for ascending orbits), the maximum wind speed at the two acquisitions, and the mean rain rate. Since it rained only at three occasions the correlation values would be uncertain and therefore for the rain rate we also consider the mean rain rate over a number of days preceding the acquisition. First, however, we should conclude that these meteorological quantities are not independent but there is a correlation between the mean temperature and the maximum wind speed for the various image pairs.
We find that is correlated with the mean rain rate, increasing to when we take means of rain rate over six days. The temperature varied between 4.9 C and 15.3 C for the different image pairs. We find that , and are correlated with the mean temperature ( , and , respectively), but not and . The wind speed varied between 1 and 7 m/s at the acquisitions, but, if we consider the maximum wind speed for each image pair, it varied between 4 and 7 m/s and is correlated with this maximum wind speed . Zebker and Villasenor [21] introduced the relation . The rms displacement as function of the highest wind speed reported from the two acquisitions has , and is illustrated in Fig. 7 . Results from the test site of Kättböle in Sweden are found in [4] . For both Tuusula and Kättböle, we have an increase in the rms displacement for increasing wind, but the result for Tuusula has decorrelation for 6-7 m/s while the results for Kättböle show decorrelation for 3-4 m/s. This could be due to the distance between meteorological stations and the area (approximately 10 km in case of Tuusula and 2 km in case of Kättböle), it could be related to topography differences (considered small) or to a weakness in the simple model. also had a dependence on temperature , but this may be related to the correlation between the mean temperature and the maximum wind speed for the image pairs (in Kättböle the correlation between temperature and wind was 0.38). The wind dependence is expected to be the primary factor, but a penetration into more stable scatterers during winter could be of some importance.
According to the HUT model for backscatter, we have a direct relation between and ; see (8) . This means that only two parameters were used for regression. In IWCM a three-parameter expression was used instead. From the IWCM analysis we can then determine the correlation between and in order to investigate if they are linearly related, i.e., strongly correlated. We found that the Pearson's r-coefficient between and to be rather small (0.30) which means that the assumed relation in (8) should not hold true, neither is there a correlation with the rain rate (unless the vegetation moisture is saturated, some correlation is expected). For the coherence expression the term corresponds to and corresponds to if the baseline is zero, i.e., there is no volume decorrelation. We find that the correlation between and max wind is , and with temperature,
. No other correlation values were found.
Finally it should be stressed that with only eight image pairs and with some of the model parameters such as and sensitive to noise the conclusions that can be drawn from correlation values have some limitations.
C. Stem Volume Retrieval
The model parameters obtained for 37 training stands will now be used for inversion of the observations of some or all of the remaining 165 stands. In Fig. 8 , the model curves are illustrated together with the coherence observations of the 165 stands. By using these 37 stands for model training there is a certain risk that these stands are atypical, e.g., see image pair 4, March 29 and 30, 1996, but this is unavoidable as soon as a small number of stands is used for training in order to determine stem volume for a large number of other forest stands.
To illustrate the inversion of stem volume for the various image pairs we will now select groups of stands ordered according to the "mt-RMSE among stands." Fig. 9 corresponds to a selection of 80 stands with smallest mt-RMSE among stands.
For model values covering a small range and with large scatter of the coherence observations we see an accumulation of estimated stem volumes at the extreme values of 0 and 535 m /ha. For each group of stands we first retrieve the stem volume for the individual images and then for a combination of all image pairs weighting the results from each image pair with the retrieval accuracy measured using the training stands. The weighted result for all pairs is also illustrated in Fig. 9 .
From Fig. 10 we see that the relative accuracy and the correlation between estimated and in situ stem volume are highest for the smaller number of stands with smallest multitemporal variability, mt-RMSE among stands, and worsen with the number of stands included. When the number of stands increases from 20-160 the mean stem volume for the used stands decreases from 232 to 135 m /ha, while the mean size of the stands decreases only from 0.7 to 0.6 ha. From the analysis we conclude that for different forest stands we have quite different potential to obtain high stem volume retrieval accuracy.
The multitemporal filtering of the testing stands was based on knowledge of the stem volume beforehand, and the division of stands with various mt-RMSE is then not possible in practice. Instead, we will consider the 37 large stands used above for training and divide these stands in two groups, one for training and one for testing. The relative accuracy then obtained for multitemporal stem volume estimates is 26%, similar to the accuracy obtained for 36 stands based on the stands with smallest mt-RMSE among stands. This is somewhat better than in [5] since some image pairs were not used in [5] . Hence, our main possibility to achieve high retrieval accuracy is by selecting stands with large stand size although stands with small stand size also can be expected to have high accuracy. This shows that in a real situation we can achieve a relative accuracy of the same order as the stands with smallest mt-RMSE. In this paper, we also want to make a comparison with [6] , where the 134 largest stands were selected. In [6] , the relative rms error of stem volume obtained using 14 image pairs was 48% when the stands were divided in a statistical fashion in two groups consisting of 67 stands, one for training and one for testing. Since the boundary zone along the stands perimeter was larger in our case, the resulting stand size varied from 0.38-6.94 ha with a mean size of 1.42 ha. This means that the coherence estimates for the smaller stands have a lower accuracy and errors are introduced.
The result is given in Fig. 11 . As expected we see that the difference between the approaches is rather small when we consider this large number of stands. This is related to the large fluctuations of the observations of these stands (four of the seed tree stands were also included). In Fig. 11 we have therefore included results based on an exponential regression expression, (2), and we see that for these noisy data this approach is rather good in spite of not using any information based on . The best relative error obtained for a single image is 69%, analyzed with IWCM, and 72% and 79% for the others. Combining all images the differences between the results are less than 2%. The combination of many images is based on an assumption on normally distributed errors and is then most effective when this is the case. The errors associated with image pairs number 5, 4, 6, and 1 are quite large since they contribute with more noise than signal. When we increase the number of stands we will have an increased variability due to inhomogeneous variations in the influence of environmental factors and a model-based stem volume retrieval approach will be less accurate. In other words, when the statistical fluctuations are large also regression models are useful in practice. Compared to [6] , the relative error has increased from 48% to 72% when the number of image pairs decreased from 14 to 8 and when the area of the analyzed stands was decreased considerably due to the exclusion of boundary pixels.
V. CONCLUSION
In the paper, we have discussed the concept of multitemporal consistency of ERS tandem coherence among forest stands. This is related to which degree the observations are sensitive to forest stand properties and insensitive to the influence of weather properties. For this purpose we defined a multitemporal rms error, mt-RMSE, for each forest stand defined by its stem volume to characterize how much the coherence varied relative an exponential regression expression typical for each image pair.
For retrieval of stem volume two models for the relation between backscatter and coherence on one hand and stem volume on the other were considered. In order to test the models we used forest stands with high coherence consistency, i.e., low mt-RMSE, and found the interferometric water cloud model to be best justified. We also related the model parameters to meteorological parameters and generally found good justification for the parameters used in IWCM. The coefficient of the forest transmissivity , however, showed a larger variability than expected, which may be due to a sensitivity to the selection of training stands. The ground decorrelation was found related to the precipitation (or in principle to the soil moisture) and the vegetation decorrelation to the wind speed. The vegetation backscatter and did not show correlation with each other or to the precipitation.
To determine the stem volume retrieval accuracy, the IWCM was trained on a set formed by 37 homogeneous large stands (mean size 2.6 ha), selected after a site visit, and applied to the remaining 165 stands. The stem volume retrieval error was ranging from 22% to 91% when the number of stands, ordered according to increasing mt-RMSE, was increasing. The accuracy of small stands was found to vary considerably but large stands showed consistent coherence values over different image pairs. For the more heterogeneous stands with higher percentage of birch and undergrowth the retrieval accuracy was low. Another inversion was based only on the 37 large stands. For these stands, together covering 48% of the total forest area considered, the relative error was 26%.
The concept of mt-RMSE among stands was based on knowledge of the stem volume of the stands and was introduced to understand what stand properties are important for the retrieval accuracy. Methods to identify stands with low retrieval accuracy by means of the multitemporal properties of the coherence observations will be further investigated, but one rule for good accuracy is to consider stands larger than 2 ha.
The retrieval accuracy is on one hand related to the properties of the forest stands, on the other on decorrelation aspects related to the influence of weather and noise. Combining many image pairs normally decreases the retrieval errors, but an image pair acquired during subzero temperature with snow on the ground giving high and a wind speed m/s giving low is important for high accuracy. If the variability associated with forest or weather variability is large a simple exponential regression model as function of stem volume for coherence is quite good when several images can be combined.
We have earlier found, e.g., see [3] , a very high retrieval accuracy for 42 relatively large forest stands (2-14 ha) in Kät-tböle, Sweden. It can be shown that these stands have similar mt-RMSE as the 37 stands selected in Tuusula. However, we also know that the coherence observations for Kättböle showed a larger difference between and and other more favorable conditions for obtaining high-accuracy stem volume estimates than was the case in Tuusula (e.g., stable winter-frozen conditions).
The results from Tuusula as well as Kättböle show the importance of large forest stands and many image pairs with chance to obtain these favorable weather conditions. The stem volume retrieval accuracy for large forest stands ( ha) in a well-managed boreal forest using a multitemporal approach may then be expected to be in the 15% to 25% range, being worse for smaller stands. Long InSAR data series and accurate in situ data are important for further understanding of the relation between forest properties and retrieval accuracy of stem volume using C-band InSAR observations. So far relatively few areas have been investigated and we need some more before general conclusions should be drawn. Nonetheless, C-band InSAR data with short repeat period show good promise for retrieval of stem volume or above-ground biomass in boreal forests.
